A series of amorphous molecules that possess both photoconductive and electro-optic properties was synthesized in order to investigate photorefractive properties of bifunctional organic-glasses. Diethylaminobenzaldehyde-diphenylhydrazone was covalently attached to 5-(4-diethylamino-benzylidene)-1,3-dimethylpyrimidine-2,4,6-trione through a flexible alkyl chain (3, 4, 5, 6 and 10 carbons) containing two ether linkages. The longer linkage not only lowered the glass transition temperature (T g ) of the molecules, but also allowed faster orientation of the chromophore. To examine the photorefractive properties, a 50 µm-thick film was prepared from the mixture of a bifunctional molecule, butyl benzyl phthalate, and C 60 . The photoconductivity of this composite was as high as 8.01 × 10 −12 S/cm at 60 V/µm, and the maximum diffraction efficiency (η max )
Introduction
Photorefractive effect refers to a spatial modulation of the refractive index in a material due to the light-induced redistribution of charge.
1,2 Photorefractivity (PR) combines a photoconductivity with a nonlinear optical (NLO) response to produce a reversible light-induced modulation of the refractive index. 3 In general, photorefractive materials are prepared by combining all required functional moieties to form multifunctional organic-glasses or more commonly in host-guest composite.
Among many organic photorefractive materials reported to date, composite polymers such as poly(siloxane carbazole) or poly(vinyl carbazole) doped with NLO chromophore have been extensively studied, due to their remarkable photorefractive properties. [4] [5] [6] [7] This host-guest system, however, often lacked the device stability arising from the limited compatibility between nonpolar photoconducting polymer and polar NLO chromophore. 4 The phase separation of composite seriously limited the photorefractive properties and life-time of photorefractive materials.
An important aspect of multifunctional organic-glasses was to improve the long-term stability and to minimize the phase separation of the device comparable with the hostguest system. The amorphous organic-glasses possessed many desirable material properties such as transparency, low crystallization and facile fabrication. Recently, organic photorefractive glasses based on bifunctional molecules, which provide electro-optic property and charge transport in a single molecule, have been reported. [8] [9] [10] [11] In addition to much improved lifetime of device, several low molecular weight organic glasses have shown the excellent photorefractive properties, comparable to the polymeric host-guest composites. 20 In this study, a series of amorphous coupled-molecules was synthesized based on diethylaminobenzaldehydediphenylhydrazone (DEH) and nonlinear optical chromophore, 5-(4-diethylamino-benzylidene)-1,3-dimethyl-pyrimidine-2,4,6-trione. A flexible spacer of the alkyl chain with different lengths (3, 4, 5, 6 and 10 carbons) was introduced between the photoconducting unit and the electro-optical chromophore unit, which prevented crystallization of molecules and lowered their glass transition temperatures. To characterize the photorefractive performance of the molecule, the composite was characterized by DC photocurrent measurement, transmission ellipsometry method, and degenerate four-wave mixing.
Experimental Section

Characterization and Measurement.
1 H-NMR spectra were taken by Varian Unityplus NMR Spectroscopy 300 MHz. The UV-vis absorption spectra were recorded using a Jasco V-530 spectrophotometer. The glass transition temperatures (T g ) were determined with a differential scanning calorimeter (DSC), Perkin-Elmer Pyris 1 series, at a heating rate of 10 o C/min under nitrogen atmosphere. The DC photocurrent measurement was performed on about 50 µm-thick composite film sandwiched between ITO electrodes at a temperature of near T g . The illuminating beam from He-Ne laser (633 nm) was expanded into the diameter of 6 mm and its intensity was 13 mW/cm 2 . The electro-optical property of the composite was characterized by the transmission ellipsometric measurement at various electric fields. 13 The 
Synthesis of H-C3-ald:
Into a flask 100 mL of ethanol, 4 g of C3 (9.38 mmol) was added with stirring at 80 o C. The mixture of 1,1-diphenylhydrazine hydrochloride 2.07 g (9.38 mmol) and sodium acetate trihydrate 1.91 g (14.07 mmol) in ethanol were slowly dropped into the above solution and maintained at 80 o C. The mixture was stirred just for 2 hours, and then the cool mixture was evaporated to remove solvent under reduced pressure. This mixture was extracted with methylene chloride, and the organic layer was dried over with anhydrous sodium sulfate, and filtered. The condensed product was purified by column chromatography on silica gel (eluent; ethyl acetate : hexane = 1 : 4 
Synthesis of H-C3-B:
In a 250-mL two necked flask equipped with a magnetic stirrer and a reflux condenser, 0.85 g (1.43 mmol) of H-C3-ald, 100 mL of ethanol, 0.22 g (1.43 mmol) of 1,3-dimethylbarbituric acid were added and stirred at 80 o C. This mixture was reacted at reflux for 3 hours. And the reaction mixture was then cooled to room temperature, filtered the precipitation which was extracted with ethyl acetate (EA), dried over anhydrous magnesium sulfate, filtered and then evaporated the solvent. This product was purified by column chromatography on silica gel (eluent ethyl acetate : hexane = 1 : 2 and buckminsterfullerene (C 60 ) were dissolved in toluene for casting solution. C 60 was added as a sensitizer for the photogeneration in visible region and BBP was added as a plasticizer for decreasing the glass transition temperature (T g ) of the sample. The mass ratio of the three constituents was H-C10-B : BBP : C 60 = 89 : 10 : 1 (wt%). The solution was filtered through a 0.2 mm filter and casted on an indium tin oxide (ITO)-patterned glass plate, dried for 12 hours at ambient temperature and subsequently heated in an oven at 90 o C for 24 hours to completely remove the residual solvent. Then thick film was softened by placing it on a hot plate at 100 o C and then it was covered with another ITO coated glass. Teflon spacers with the thickness of 50 µm between two ITO glass plates were used to control the film thickness.
Results and Discussion
We synthesized a series of amorphous molecules with photoconducting unit and nonlinear optic chromophore unit in order to improve the phase stability of photorefractive system. As shown in Scheme 1, the coupled dialdehyde Cn (n = 3, 4, 5, 6, and 10) was readily synthesized by condensation of 4-(diethylamino)salicylaldehyde with dibromoalkyls using potassium hydroxide as a base. The coupled molecules (H-Cn-B) with different lengths of carbon chains (3, 4, 5, 6 and 10 carbons) were successfully synthesized by condensation of 1,1-diphenylhydrazine hydrochloride with Cn to give H-Cn-ald, and followed by condensation of barbituric acid derivatives with the corresponding H-Cn-ald to give H-Cn-B. The DEH is well known as a photoconducting molecule, and the DEH-doped polymer has been reported as a good candidate with excellent hole-mobility and photorefractivity.
14-17 Simple amine-donor-substituted barbituric acid derivatives chromophore have been already well studied as a nonlinear optical chromophore with large hyperpolarizability and enhanced thermal stability. Table 1 . As the spacer group became longer (n = 3, 4, 5, 6, and 10), the glass transition temperature gradually dropped, that is, the longer chain made the two moieties having more freedom to move relatively to each other. The longer linkage not only lowered the glass transition temperature of the samples but also allowed faster orientation of the chromophore. 12 This observation indicates that these molecules were organic-glasses that formed a stable amorphous phase. Interestingly, all H-Cn-B (H-C3-B,  H-C4-B, H-C5-B, H-C6-B, and H-C10-B) photorefractive bifunctional molecules could form amorphous organicglasses by themselves. H-C10-B of the longest chain had the lowest glass transition temperature of 26 o C among the coupled molecules, therefore, it was chosen to prepare for photorefractive composite in this study.
The absorption maximum (λ max ) of the coupled molecule, H-C10-B, was 466 nm as shown in Figure 2 , which was virtually the same as that of the corresponding electro-optic chromophore, 5-(4-diethylamino-benzylidene)-1,3-dimethylpyrimidine-2,4,6-trione (λ max = 470 nm). 18 This observation implies that the long aliphatic spacer did not give any influence on the electron conjugation of coupled molecules.
The photorefractive composite sample consisting of 89 wt% of H-C10-B (bifunctional molecules), 10 wt% of BBP (plasticizer) and 1 wt% of C 60 (photosensitizer) [ Figure 3 ] showed an excellent optical quality and no phase-separation or crystallization for a long time. The glass transition temperature of the composite was around 17 o C, which was determined by differential scanning calorimeter [ Figure 4 ]. The photoconductivity of photorefractive material must be one of the important factors since it significantly influences the buildup time of photorefractive grating formation and magnitude of the space-charge field. The electric field dependence of the photocurrent is shown in Figure 5 (A). The photoconductivity of H-C10-B composite was measured to be 8.01 × 10 −12 S/cm at the applied electric field of 60 V/µm, which was remarkably high photoconductivity [ Figure 5 (B)]. It may be attributed to the superior hole-transporting ability of DEH.
Field-induced birefringence of the photorefractive composite was characterized by a transmission ellipsometric method at various applied electric fields. As shown in Figure  6 , birefringence (∆n) of the composite containing 89 wt% of H-C10-B chromophore was quadratically increased with the applied electric fields. The composite showed an anisotropic property of ∆n = 1.8 × 10 −3 at 60 V/µm. This was relatively a lower value, compared to the other chromophore in hostguest composite system. The birefringence (∆n) originates from the alignment of chromophores in noncentrosymmetric structures under the poling field. In the case of low T g photorefractive material, the modulation of refractive index (∆n) is known to arise predominantly from reorientation of the optically nonlinear chromophore under the spatially modulated space-charge field. 4 The orientational birefringence of the current composite is associated with the large µ 2 ∆α of H-C10-B chromophore where ∆α is the polarizability anisotropy and µ is the dipole moment.
The photorefractive property of H-C10-B : BBP : C 60 composite was evaluated by diffraction efficiency, which was measured by a degenerate four wave mixing method. Figure 7 shows the applied electric field dependence of the steady-state diffraction efficiency. The maximum diffraction efficiency (η max ) of 50 µm-thick film was about 5% at 80 V/ µm. This ηmax was relatively low compared to the other hostguest composites, which might be responsible for the relatively low refractive index modulation (∆n) of ca. 1.8 × 10 relatively small values for the diffraction efficiency might be due to a small value of the space-charge field. 21 The photorefractive behavior of this coupled-amorphous material system still seems to be limited by the chromophore reorientation despite of very high photoconductivity.
Conclusions
We synthesized a series of organic glassy molecules in order to improve the phase stability for photorefractive materials. The DEH unit, photoconducting moiety, and barbituric acid moiety, the electro-optical chromophore, were connected with a flexible spacer. Depending on the aliphatic chains length, the glass transition temperature (T g ) gradually dropped as the longer chain gave the two terminal moieties more freedom to rotate or move relatively to each other. Also, DSC observation indicated the organic-glasses to form a stable amorphous phase. When doped with plasticizer BBP and sensitizer C 60, it was determined to have a high photoconductivity of 8.01 × 10 −12 S/cm but showed a moderate electro-optic behavior of ∆n = 1.8 × 10 −3 at the applied electric field of 60 V/µm. The diffraction efficiency as a photorefractive behavior was just about 5% at 80 V/µm despite of its high photoconductivity in this system.
